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ABSTRACT
The Hall effect is a powerful tool for investigating carrier type and density. For single-band mate-
rials, the Hall coefficient is traditionally expressed simply by R−1H = −en, where e is the charge of
the carrier, and n is the concentration. However, it is well known that in the critical region near a
quantum phase transition, as it was demonstrated for cuprates and heavy fermions, the Hall coef-
ficient exhibits strong temperature and doping dependencies, which can not be described by such
a simple expression, and the interpretation of the Hall coefficient for Fe-based superconductors is
also problematic. Here, we investigate thin films of Ba(Fe1−xCox)2As2 with compressive and tensile
in-plane strain in a wide range of Co doping. Such in-plane strain changes the band structure of
the compounds, resulting in various shifts of the whole phase diagram as a function of Co doping.
We show that the resultant phase diagrams for different strain states can be mapped onto a single
phase diagram with the Hall number. This universal plot is attributed to the critical fluctuations in
multiband systems near the antiferromagnetic transition, which may suggest a direct link between
magnetic and superconducting properties in the BaFe2As2 system.
INTRODUCTION
It is widely believed that for most unconventional superconductors, Cooper pairs are mediated by spin
or orbital fluctuations. A very good example is given by Co-doped BaFe2As2, one of the most stud-
ied Fe-based superconductors (FBS), in which the neutron resonance peak was observed [1]. Note that
this resonance peak is hardly elucidated by electron-phonon interaction. Typically, the parent compound
of Fe-based superconductor (FBS) shows a spin-density wave (SDW) phase at low temperatures. This
magnetic instability is linked to the Fermi surface (FS) nesting between hole-like pockets centered at the
Γ-point and electron-like pockets at M-points in the Brillouin zone [2]. Upon carrier doping, the nesting
condition is deteriorated and the superconductivity appears at a given doping level. The emergence of su-
perconductivity in the vicinity of SDW immediately pushed the idea of strong spin fluctuations providing
the main glue for Cooper pairing in FBS.
External pressure [3], chemical pressure [4], and strain in thin films [6] may change the nesting condi-
tions similarly to carrier doping. For the latter case, tensile or compressive in-plane strain with biaxial
and uniaxial components is induced by the lattice and/or thermal expansion mismatch between film and
substrate. Therefore, tensile or compressive in-plane strain may act as control parameter for the phase
diagram by selecting a specific substrate.
Here, we report a systematic study of Ba(Fe1−xCox)2As2 epitaxial thin films grown on MgO(001) and
CaF2(001) single crystalline substrates by pulsed laser deposition (PLD). The former substrate induces
tensile strain, whereas the latter yields compressive one. Using transport data, we construct the phase
diagram for Ba(Fe1−xCox)2As2 thin films under different strain states (i.e., tensile and compressive in-
plane strain). The resultant phase diagrams show that the Ne´el temperature (TN) and the superconducting
transition temperature (Tc) at a given Co doping level depend strongly on the direction of in-plane strain.
Both TN at zero doping and Tc at optimal doping level are enhanced by in-plane compressive strain in
comparison to single crystals. Moreover, the whole phase diagram is shifted in the direction of higher
Co doping. For tensile strain, TN at zero doping is reduced and Tc at optimal doping level is almost
unchanged, and the whole phase diagram is shifted to lower doping level. Finally, we demonstrate that
the phase diagrams of all considered strained films and single crystals (i.e., the relaxed samples) including
magnetic and superconducting regions can be mapped onto a single phase diagram with the Hall number
as new variable. Our findings may suggest a direct link between magnetism and superconductivity in
FBS.
2
RESULTS
Structural properties
All Ba(Fe1−xCox)2As2 films (0 ≤ x ≤ 0.15) were epitaxially grown on MgO(001) and
CaF2(001) substrates with high phase purity. The epitaxial relation is (001)[100]film‖(001)[100]MgO
and (001)[110]film‖(001)[100]CaF2 . More information for the structural analyses by x-ray diffraction
can be found in the Supplementary Information. As shown in Fig. 1a, the lattice constant a of the
Ba(Fe1−xCox)2As2 films on CaF2 substrates (Ba-122/CaF2) is shorter than that of the bulk samples [6],
whereas the opposite relation holds for the Ba(Fe1−xCox)2As2 films on MgO substrates (Ba-122/MgO).
As expected, an elongation of the c-axis for Ba-122/CaF2 and a shrinkage of the c-axis for Ba-122/MgO
were observed due to the Poisson effect, as shown in Fig. 1b (i.e., unit cell volume is roughly con-
served). These structural changes are due to the biaxial strain with average uniaxial components over
sample volume, xx = yy. Here, the average lattice deformations in the tetragonal phase are de-
fined as xx = (afilm − aPLD target)/aPLD target and zz = (cfilm − cPLD target)/cPLD target along
the a- and c-axis. In this way, the biaxial in-plane tensile strain acts similarly to uniaxial pressure
along the c-axis, while the in-plane compressive strain acts as negative pressure along the c-axis. The
average lattice deformations at room temperature (RT) for Ba-122/MgO along the a- and c-axis are
xx = 5.9 × 10−3 and zz = −4.4 × 10−3, respectively. The corresponding values for Ba-122/CaF2
films are xx = −5.8 × 10−3 and zz = 5.3 × 10−3. It is noted that the lattice deformation for both
films are almost constant irrespective of Co contents (Supplementary Fig. S3). The origin of the biaxial
strain is discussed in the Supplementary Information.
Fig. 1c summarizes the As position (z) in the unit cell for the strained films and PLD targets. The
literature data for single crystals are also shown in the same figure [7–10]. It is apparent that the As
coordinate is nearly independent on strain and Co doping.
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FIG. 1. Co doping dependence of lattice parameters: (a) In-plane lattice constant a of Ba(Fe1−xCox)2As2 thin films
on MgO and CaF2 substrates, Ba(Fe1−xCox)2As2 single crystals (Ba-122 sc) [6], and PLD target as a function of Co
doping. The lines are a guide to the eye. (b) The corresponding out-of-plane lattice constants c for the same samples.
The lines are a guide to the eye. (c) The As position (z) for the strained films and PLD target materials as a function
of the Co doping. The data of bulk single crystals are taken from Refs. [7–10]. The solid green line shows the average
As position for unstrained samples.
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Resistivity and phase diagram
The evolution of the in-plane longitudinal resistivity (ρxx) curves in zero magnetic field as a function of
temperature for the Ba(Fe1−xCox)2As2 films on MgO and CaF2 substrates are displayed in Figs. 2a and
2b, respectively. The low-temperature state in the films on both substrates changes upon doping similar
to the bulk material: from antiferromagnetic to superconducting, followed by metallic state [6]. However,
the doping levels at which the phase transitions occur depend on the strain state. For Ba-122/MgO, Co
doping of x = 0.02 induces superconductivity with a Tc of 7.5 K. Additionally a sudden drop of the Hall
coefficient around 100 K due to the SDW transition was observed (see Fig. 2c). Hence, for Ba-122/MgO
with x = 0.02 superconductivity coexists with antiferromagnetism. On the other hand, Ba-122/CaF2 with
the corresponding composition did not show superconductivity down to the lowest temperature available
in our experiments (i.e., ∼ 2 K).
Based on the resistivity data, the phase diagrams of both Ba-122/MgO and Ba-122/CaF2 are con-
structed, Figs. 3a and 3b. For comparison, the single crystal data are plotted in the same figures. Here,
Tc was determined by the superconducting onset temperature (Supplementary Fig. S7), whereas TN was
defined as a peak position of the temperature derivative of the resistivity curves in analogy to bulk sin-
gle crystals (Supplementary Information in the section of criterion for TN) [12, 13]. It is noted that the
peak position of the temperature derivative of the resistivity is related to the magnetic transition accord-
ing to x-rays and neutron diffraction measurements [12]. Zero resistivity temperature and middle point
of superconducting transition may be influenced by flux pinning effect. Therefore, we chose the onset
temperature of resistivity as a criterion of the Tc. It is clear from Fig. 3a that tensile strain (Ba-122/MgO)
slightly reduces TN and shifts the superconducting dome to lower doping levels compared to the single
crystals. A similar shift of the superconducting dome by in-plane tensile strain was observed in P-doped
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FIG. 2. Transport properties of Ba-122/MgO and Ba-122/CaF2 thin films: Resistivity data for Ba(Fe1−xCox)2As2
thin films on (a) MgO and (b) CaF2 substrates. Broken lines are the fitting curves using ρ = ρ0 + ATn in the
paramagnetic (PM) state. Hall coefficient of Ba(Fe1−xCox)2As2 films on (c) MgO and (d) CaF2 substrates as a
function of temperature.
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Ba-122 on MgO substrates [8]. To the contrary, biaxial in-plane compressive strain (Ba-122/CaF2) ef-
fectively pushes the phase diagram to a higher doping level in comparison with single crystals (Fig. 3b).
Qualitatively, the shift of the phase diagram can be understood by examining the electronic band struc-
ture. At zero doping level, the ab-initio calculations show that compressive biaxial in-plane strain makes
the band structure more two-dimensional with good nesting (see the section Discussion), resulting in
a higher AFM transition temperature. Tensile strain shows the opposite effect which makes the band
structure more three-dimensional, and consequently TN decreases. For single crystals, a similar develop-
ment of the FS takes place. Related angle-resolved photoemission spectroscopy (ARPES) measurements
showed that upon Co doping the electronic states in the vicinity of the Fermi level become more three-
dimensional [15]. Therefore, the two effects (charge doping and in-plane strain) determine the shift of the
phase diagram along the doping axis.
The temperature dependence of the resistivity for the films in the paramagnetic (PM) state was fitted
using ρ = ρ0+ATn and the resultant fitting curves are shown in Figs. 2a and 2b. This expression has been
widely used for analyzing the resistivity in the quantum critical region, e.g., [16, 17]. The dependence of
the power-law exponent n on Co doping (i.e., x) is presented in Figs. 3c and 3d. For Ba-122/MgO, the
exponent n has a minimum value close to unity at x ∼ 0.05. This may be assigned to the AFM quantum
critical point (QCP), where the AFM transition temperature goes to zero. For Ba-122/CaF2, the QCP is
observed at x ∼ 0.075 (Fig. 3d). The presence of the AFM QCP for Co-doped Ba-122 has been proposed
recently by specific heat, thermal expansion, and nuclear magnetic resonance measurements [18–20]. The
observed simultaneous shift of the QCP and the maximum Tc for the strained thin films may suggest the
relationship between critical magnetic fluctuations and superconductivity in FBS.
In the case of thin films, the substrate may essentially weaken the orthorhombic distortion, as the Ba-
122 grains are rigidly fixed at the interface by the substrate. This mechanism is responsible for the strain
in the thin films (Supplementary Information). Another evidence for the tetragonal crystal structure being
FIG. 3. Electronic phase diagram of Ba(Fe1−xCox)2As2: The electronic phase diagram of thin films grown on
(a) MgO and (b) CaF2 substrates. For comparison, the single crystal data [6, 26] are also shown in the figures as
dotted lines. TN and Tc denote the antiferromagnetic and the superconducting transition temperatures, respectively.
SDW, PM, and SC are the spin density wave, paramagnetic, and superconducting phases, respectively. Value for
the exponent n taken from the resistivity data ρ = ρ0 + ATn in the paramagnetic state: (c) Ba-122/MgO and (d)
Ba-122/CaF2.
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maintained in thin films grown on the substrates comes from the angular dependence of in-plane mag-
netoresistance (MR) measurements. An example of the in-plane MR for Ba-122/MgO and Ba-122/CaF2
with the same Co doping level of x = 0.04 in an applied field of 14 T at various temperatures is shown
in Figs. 4a and 4b. As stated above, Ba(Fe1−xCox)2As2 thin films are grown on MgO(001) substrates
with cube-on-cube configuration, whereas the basal plane of Ba(Fe1−xCox)2As2 is rotated by 45 ◦ on
CaF2(001). We applied the current along the tetragonal [110] direction for Ba-122/CaF2 and along the
tetragonal [100] direction for Ba-122/MgO, respectively. According to Refs. [13, 22], a magnetic field
of B = 14 T parallel to the ab-plane can partially detwin Ba(Fe1−xCox)2As2 single crystals, leading to
a twofold symmetry of the in-plane MR curves below the temperature at which the nematicity sets in.
When bias current and magnetic field are parallel to the orthorhombic [100] or [010] axis, the in-plane
MR curves show the maximum values. On the other hand, the position of the peak is shifted by 45◦, if
the bias current (I) flows along orthorhombic [110] axis (zero angle corresponds to B‖I ). In this case,
the peak values are much smaller than for the former geometry (i.e., current and magnetic field ‖ or-
thorhombic [100] or [010]). However, our results contradict the one obtained from single crystals. Below
100 K, the measured in-plane MR curves for both films clearly follow an almost perfect sinusoidal angle
dependence without phase shift. If the oscillation were defined by the nematic domains oriented by the
applied field as in the case of single crystals [13, 22], the MR signal for Ba-122/MgO should be shifted
by 45◦ with respect to the one for Ba-122/CaF2. Additionally, the amplitude of MR signals for both films
are quite small compared to those of single crystals. This indicates that the substrate completely blocks
the rotation of the nematic/magnetic domains. However, the appearance of oscillation in the MR at a
certain temperature T+ indicates some changes of the FS topology or scattering rates. The T+ is rather
high compared to TN and preserved at doping levels above the QCP of the SDW phase. By analogy with
Refs.[23, 24], T+ may be related to the nematic phase or fluctuating magnetic domains. This temperature
is presumably increased by uniaxial strain if compared to relaxed Ba(Fe1−xCox)2As2 single crystals.
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FIG. 4. Angular dependence of in-plane magnetoresistance data: The angular dependence of in-plane magnetoresis-
tance (MR) data (∆ρ/ρ) in the presence of a magnetic field (14 T) for (a) Ba-122/MgO and (b) Ba-122/CaF2. The
sketch gives the orientation of the crystallographic axes for (c) Ba-122/MgO and (d) Ba-122/CaF2 in orthorhombic
notations.
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Effective carrier density plot of the phase diagram
The temperature dependencies of the Hall coefficients (RH) measured at 9 T for Ba-122/MgO and Ba-
122/CaF2 films are shown in Figs. 2c and 2d. For both parent compound films (i.e., x = 0), RH is weakly
decreasing with decreasing temperature until the SDW transition occurs, similarly to the observation in
single crystals [25, 26]. In contrast to single crystals, however,RH changes sign from negative to positive.
This behavior can be understood qualitatively by the effect of strain on carrier mobilities. The non-doped
Ba-122 is a compensated metal with equal electron and hole carrier densities. Therefore, a small change
of the mobilities can strongly affect the experimental value of the effective nH (especially in AFM state
with reconstructed Fermi surfaces). Only a small amount of Co addition to the system leads to a drastic
change in RH at low temperature. For all films with x = 0.02, RH is decreased sharply with decreasing
temperature below TN due to a large change in the carrier concentration and mobility. This behavior is
similar to that observed in single crystals [25, 26].
In order to quantify the effect of strain on the electronic properties, we consider the effective carrier
number per Fe, nH(Tc) and nH(TN), as 1e|RH| × V4 , where V is the unit cell volume estimated from
Figs. 1a and 1b. Now, we re-plot Tc and TN as a function of nH(Tc) and nH(TN), as shown in Figs. 5a
and 5b. For comparison, the single crystal data from Refs. [6, 26] are also shown in the graph. As can
be seen, Tc for both strained thin films and single crystals can be mapped onto a master curve by nH(Tc)
as a new variable. Note that nH scales both the position of the superconducting dome and the absolute
value of Tc, whereas the carriers numbers [27] and structural parameters (i.e., bonding angle and anion
height) [28] scale only either the position of the superconducting dome or the absolute value of Tc.
On the other hand, TN is vaguely independent of nH(TN) for non-zero doping, i.e., a magnetic transi-
tion occurs, when nH(T ) approaches about 0.05 carriers/Fe.
DISCUSSION
The shift of the superconducting dome and the AFM transition temperature with uniform in-plane
biaxial strain can be understood qualitatively by considering the effect of the strain on the FS shape, its
orbital weight, and composition. First of all, our local (spin) density approximation (L(S)DA) calculation
shows that the strain and the Co doping affect mainly the hole FS pockets located at the zone center,
whereas the electron pockets at the zone corners are nearly unchanged. These results are consistent
FIG. 5. Effective carrier density plot of the superconducting (Tc) and Ne´el (TN) temperatures of Ba(Fe1−xCox)2As2:
(a) Superconducting (Tc) and (b) Ne´el (TN) temperatures as a function of nH(Tc) and nH(TN). For comparison, Ba-
122 single crystal data taken from Ref. [26] are also plotted. SDW and PM are the spin density wave and paramagnetic
phases, respectively. The labels show the characteristic range of nH in SDW and PM phases.
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with the ARPES measurements for doped and undoped Ba-122 single crystals reported recently [29].
Additionally, it was observed that an L(S)DA and generalized gradient approximation (GGA) calculation
gives a reasonable prediction of the effect of the Co doping on the band structure [29]. This observation
strengthens our theoretical approach.
Analyzing the changes of the hole FS pockets, we found that TN correlates well with the value of the
kz dispersion of the Fe 3d xz/yz orbitals on the hole FS pockets. As can be seen in Fig. 6, the dispersion
along kz of the undoped Ba-122 film on MgO increases compared to that of the undoped bulk sample
(i.e., relaxed) due to tensile strain. TN of the former is lower than that of the latter, as shown in Fig. 3a.
Simultaneously, the shape of the corresponding FS sheets is getting more three-dimensional. The same
trend is observed for different Co doping but with fixed strain state. In contrast, compressive strain alone
(i.e., Ba-122/CaF2 with fixed Co doping) reduces the kz dispersion of the Fe 3d xz/yz orbitals, which
leads to the enhancement of TN. The observed three-dimensional effects of the FS are responsible for the
suppression of the FS nesting conditions found by the ARPES study [29]. One can also see from Figs. 3a
and 3b that the degree of shift in the superconducting dome along the doping axis correlates well with
TN; lower/higher TN pushes the SC dome towards the underdoped/overdoped region. Such a tendency
may be understood if Cooper pairing and magnetic ordering is controlled by a common parameter.
The result of the band structure calculation is insufficient for the interpretation of the observed behavior
shown in Fig. 5b. The scaling indicates that the value of the effective carrier number nH(TN) at the phase
transition is not only related to the electronic structure but also strongly affected by critical fluctuations
which are not included in the band structure calculations. As was shown by Kontani et al., nH scales with
the antiferromagnetic (AF) correlation length (ξ−2) in the case of strong AF spin fluctuations [30]. There-
fore, the value of nH should approach zero at the phase transition. However, nH(TN) tends to a finite value
∼ 0.05 carriers/Fe (excluding films with zero doping level) at the magnetic transition as can be seen in
Fig. 5b. This seeming contradiction may be explained by considering the multiband nature of the FS. The
Hall coefficient is defined as RH = σxy/H(σxxσyy), where σxy and σxx(yy) are the full conductivities
summed up over all bands. Therefore, the Hall number is given by nH = |
(
∑
i
σh,i+
∑
j
σe,j)
2∑
i
σ2
h,i
/nh,i−
∑
j
σ2
e,j
/ne,j
|,
where σh(e),i(j) is the conductivity of a hole (h) or an electron (e) band, i or j is the summation index
running over different hole or electron bands, respectively, and nh(e) is the corresponding carrier den-
sity [31]. Hence, as in the case of resistivity [32], the bands with the largest conductivities contribute
most to the Hall number. At the phase transition, the conductivities of the interacting bands or part of the
bands tend to zero due to strong scattering of their quasi-particles on the critical fluctuations. Therefore,
nH is simply determined by those parts of the FS which are less sensitive to critical fluctuations. This
explains why the magnetic transition occurs at a finite nH value. Good scaling for Tc is observed for each
side of the superconducting dome, since those regions are far from the magnetic transition lines. In this
case, the value of nH(Tc) is sensitive to the distance to the SDW line. Therefore, the scaling for Tc can
be interpreted by the indication of a strong interplay between Tc and the magnetic fluctuations slightly
above Tc, which are sensitive to the carrier doping and strain as well. A possible disorder effect on both
Tc and TN cannot be separated from the spin fluctuation effect, since impurity scattering is also included
in nH.
In conclusion, we have shown that strain essentially affects the phase diagram of the generic system
Ba(Fe1−xCox)2As2. The biaxial in-plane strain is responsible for a nearly rigid shift of the whole phase
diagram including the magnetic and superconducting regions along the electron doping. This behavior
is explained by band structure calculations in which biaxial in-plane strain affects the FS similar to Co
doping. Moreover, the superconducting dome is rigidly connected to the position of the SDW line. The
direct relationship between the paramagnetic normal state and TN, as well as the relationship between
Tc and the preceding state above Tc are given by the unusual plot of TN and Tc with the Hall number at
those temperatures. This emphasizes a crucial role of the critical fluctuations for superconductivity and
magnetism in FBS. It is important to check whether a similar plot exists for other families of the FBS,
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too. Also, a microscopic explanation of the observed unusual behavior is still lacking. We believe that
our experimental results will stimulate future theoretical investigations.
METHODS
Ba(Fe1−xCox)2As2 films on MgO(001) and CaF2(001) substrates
Ba(Fe1−xCox)2As2 films of around 100 nm thickness have been grown on MgO(001) and CaF2(001)
substrates by pulsed laser deposition (PLD). PLD targets made by a solid state reaction with various Co
levels ranging from 0 ≤ x ≤ 0.225 were ablated by a KrF excimer laser with a laser repetition rate of
7 Hz. Prior to the deposition, the substrates are heated to 850 ◦C. A base pressure of around 10−8 mbar
at 850 ◦C is achieved, which increases to 10−7 mbar during the deposition. Thicknesses of all films (∼
100 nm) were measured by scanning electron microscope images of cross-sectional focused ion beam
(FIB) cuts. In a previous investigation on Ba(Fe0.92Co0.08)2As2 films (nominal composition x = 0.08)
by energy dispersive X-ray spectroscopy, we determined the Co content to 0.74±0.017, indicating good
agreement with the nominal value [1].
Structural analyses by x-ray diffraction
The c-axis texture and phase purity were investigated by x-ray diffraction in Bragg-Brentano geometry
with Co-Kα radiation. In-plane orientation of Ba-122/MgO and Ba-122/CaF2 was investigated by using
the 103 pole in a texture goniometer operating with Cu-Kα radiation. In order to precisely evaluate
the lattice parameter a of Ba-122/MgO and Ba-122/CaF2, high resolution reciprocal space maps (RSM)
around the 109 reflection were performed with Cu-Kα radiation.
Temperature evolution of the lattice constants c for Ba-122/MgO and Ba-122/CaF2 was investigated
by x-ray diffraction in Bragg-Brentano geometry with Cu-Kα radiation in flowing He gas atmosphere.
Diffraction patterns were acquired at elevated temperatures from 298 K to 773 K (Supplementary Fig. S4).
Determination of As position (z)
The As position of the PLD target materials was refined by Rietveld analysis using powder x-ray data.
For the thin films, z was calculated by using the experimental lattice constants a and c, shown in Figs. 1a
and 1b, and the optimized As position in the paramagnetic state, which is the same method as described
in Ref. [32].
Transmission electron microscopy (TEM)
The samples for TEM analysis were prepared using a FIB (SMI3050MS2) by cutting and milling the
identical films used for transport measurements. The microstructure near the interface of Ba-122/MgO
with x = 0.06 was analyzed using JEOL JEM-2100F [Supplementary Fig. S5(b)].
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In-plane transport measurements
Prior to the micro bridge fabrication, the temperature dependence of the resistance for all films was
measured by a 4-probe method, in which small pins are aligned co-linear on the film surfaces. After
the measurements, the films were photolithographically patterned and ion-beam-etched to fabricate a
small bridge of 100µm width and 0.41 mm length for transport measurements. No changes in transport
properties after the micro bridge fabrication have been found. Longitudinal and transverse resistance were
measured with four-probe configuration by a Quantum Design physical property measurement system
(PPMS) up to 14 T.
Theoretical analysis
To understand the impact of the strain on the electron band structure, we performed density functional
theory (DFT) calculations of the Fermi surface (FS) for both Ba(Fe1−xCox)2As2 thin films and bulk
single crystals. Our calculations were carried out within the local (spin) density approximation (L(S)DA)
using the Full Potential Local Orbital band structure package (FPLO, http://www.fplo.de.) [34]. The Co
doping was taken into account within the virtual crystal approximation. As can be seen in Fig. 1c, z is
almost constant irrespective of both strain and Co doping. Therefore, the absolute As position is just
proportional to the lattice parameters. A k-mesh of 12 × 12 × 6 k-points in the whole Brillouin zone
was employed. The calculations were performed using the FPLO Ab-Initio Simulation Package within
the Perdew, Burke and Ernzerhof (PBE) functional for the exchange-correlation potential. The calculated
hole FS for the Co doping level x = 0 and 0.1 are summarized in Fig. 6.
FIG. 6. Fermi surface of Ba(Fe1−xCox)2As2: Evolution of the Fermi surface (FS) of Ba(Fe1−xCox)2As2 at the Γ
point as a function of Co doping and strain. The color code corresponds to a relative orbital weight per Fe-atom. The
detailed theoretical approach can be found in Methods section.
10
Acknowledgement
The authors thank Helge Rosner and Andrey Chubukov for fruitful discussions, Juliane Scheiter for
preparing FIB cuts, as well as Michael Ku¨hnel and Ulrike Besold for their technical support. The research
has received funding from the European Union’s Seventh Framework Programme (FP7/2007-2013) under
grant agreement numbers 283141 (IRON-SEA) and number 283204 (SUPER-IRON). K.I. acknowledges
support by JSPS Grant-in-Aid for Challenging Exploratory Research Grant Number 15K13336. A part
of the work was supported by the DFG under the projects SPP1458 and GRK1621. S. W. acknowledges
support by the DFG under the Emmy-Noether program (Grant no. WU595/3-1).
Authors contribution
K.I. and V.G. designed the study and wrote the manuscript together with D.V.E. and S.-L.D. The PLD
targets were prepared by F.K., S.A., E.A. and S.W. Thin films were prepared by K.I. and F.K. K.I.,
F.K., A.T. and R.H. conducted x-ray experiments. A.P., P.C., and W.S. analyzed local strain of thin films
by high-resolution EBSD. A.I. and I.T. conducted TEM investigation. M.E. and I.M. have developed
micro bridge processing. K.I., F.K., V.G. and J.H. measured transport properties. D.V.E. and S.-L.D.
developed a theoretical model and calculated the band structure. B.H., R.H., K.I., V.G., D.V.E., and S.-
L.D. supervised the projects. All authors discussed the results and implications and commented on the
manuscript at all stages.
ADDITIONAL INFORMATION
The authors declare no competing financial interests. Correspondence and requests for materials should
be addressed to K. I. and V. G.
11
∗ Electronical address: iida@nuap.nagoya-u.ac.jp
† Electronical address: v.grinenko@ifw-dresden.de
[1] Inosov, D.S. et al. Normal-state spin dynamics and temperature-dependent spin-resonance energy in optimally
doped BaFe1.85Co0.15As2. Nat. Phys. 6, 178-181 (2010).
[2] Kordyuk, A.A. ARPES experiment in fermiology of quasi-2D metals. Low. Temp. Phys. 40, 286-296 (2014).
[3] Takahashi, H. et al. Superconductivity at 43 K in an iron-based layered compound LaO1−xFxFeAs. Nature
453, 376-378 (2008).
[4] Kasahara, S. et al. Evolution from non-Fermi- to Fermi-liquid transport via isovalent doping in
BaFe2(As1−xPx)2. Phys. Rev. B 81, 184519 (2010).
[5] Engelmann, J. et al. Strain induced superconductivity in the parent compound BaFe2As2. Nat. Commun. 4,
2877 (2013).
[6] Ni, N. et al. Effects of Co substitution on thermodynamic and transport properties and anisotropic Hc2 in
Ba(Fe1−xCox)2As2 single crystals. Phys. Rev. B 78, 214515 (2008).
[7] Huang, Q. et al. Neutron-Diffraction Measurements of Magnetic Order and a Structural Transition in the Parent
BaFe2As2 Compound of FeAs-Based High-Temperature Superconductors. Phys. Lett. 101, 257003 (2008).
[8] Rotter, M. et al. Spin-density-wave anomaly at 140 K in the ternary iron arsenide BaFe2As2. Phys. Rev. B 78,
020503 (2008).
[9] Rullier-Albenque, F. et al. Hole and electron contributions to the transport properties of Ba(Fe1−xRux)2As2
single crystals. Phys. Rev. B 81, 224503 (2010).
[10] Delaire, O. et al. Temperature and pressure dependence of the Fe-specific phonon density of states in
Ba(Fe1−xCox)2As2. Phys. Rev. B 81, 094504 (2010).
[11] Pratt, D. K. et al. Coexistence of Competing Antiferromagnetic and Superconducting Phases in the Underdoped
Ba(Fe0.953Co0.047)2As2 Compound Using X-ray and Neutron Scattering Techniques. Phys. Rev. Lett. 103,
087001 (2009).
[12] Chu, J-H. et al. Determination of the phase diagram of the electron-doped superconductor Ba(Fe1−xCox)2As2.
Phys. Rev. B 79, 14506 (2009).
[13] Olariu, A., Rullier-Albenque, F., Colson, D. & Forget, A. Different effects of Ni and Co substitution on the
transport properties of BaFe2As2. Phys. Rev. B 83, 054518 (2011).
[14] Kawaguchi, T. et al. The strain effect on the superconducting properties of BaFe2(As,P)2 thin films grown by
molecular beam epitaxy. Supercond. Sci. Technol. 27, 065005 (2014).
[15] Thirupathaiah, S. et al. Orbital character variation of the Fermi surface and doping dependent changes of the
dimensionality in BaFe2−xCoxAs2 from angle-resolved photoemission spectroscopy. Phys. Rev. B 81, 104512
(2010).
[16] Zhou, R. et al. Quantum criticality in electron-doped BaFe2−xNixAs2. Nat. Commun. 4, 2265 (2013).
[17] Shibauchi, T., Carrington, A. & Matsuda, Y. A Quantum Critical Point Lying Beneath the Superconducting
Dome in Iron Pnictides. Annu. Rev. Condens Matter Phys. 5, 113-135 (2014).
[18] Ning, F. L. et al. Critical behavior of the spin density wave transition in underdoped Ba(Fe1−xCox)2As2. Phys.
Rev. B 89, 214511 (2014).
[19] Meingast, C. et al. Thermal Expansion and Gru¨neisen Parameters of Ba(Fe1−xCox)2As2: A Thermodynamic
Quest for Quantum Criticality. Phys. Rev. Lett. 108, 177004 (2012).
[20] Fernandes, R.M., Bo¨hmer, A.E., Meingast, C. & Schmalian, J. Scaling between Magnetic and Lattice Fluctua-
tions in Iron Pnictide Superconductors. Phys. Rev. Lett. 111, 137001 (2013).
[21] Fisher, I.R., Degiorgi, L. & Shen, Z.X. In-plane electronic anisotropy of underdoped ’122’ Fe-arsenide super-
conductors revealed by measurements of detwinned single crystals. Rep. Prog. Phys. 74, 124506 (2011).
[22] Chu, J-H. et al. In-Plane Resistivity Anisotropy in an Underdoped Iron Arsenide Superconductor. Science 329,
824-826 (2010).
[23] Kasahara, S et al. Electronic nematicity above the structural and superconducting transition in
BaFe2(As1−xPx)2. Naure 486, 382-385 (2012).
[24] Dhital, C. et al. Effect of Uniaxial Strain on the Structure and Magnetic Phase Transition in BaFe2As2. Phys.
Rev. Lett. 108, 087001 (2012).
[25] Fang, L. et al. Roles of multiband effects and electron-hole asymmetry in the superconductivity and normal-
state properties of Ba(Fe1−xCox)2As2. Phys. Rev. B 80, 140508 (2009).
12
[26] Mun, E-D. et al. Thermoelectric power and Hall coefficient measurements on Ba(Fe1−xT x)2As2 (T=Co and
Cu). Phys. Rev. B 80, 054517 (2009).
[27] Ideta, S. et al. Dependence of Carrier Doping on the Impurity Potential in Transition-Metal-Substituted FeAs-
Based Superconductors. Phys. Rev. Lett. 110, 107007 (2013).
[28] Johnston, D.C. The puzzle of high temperature superconductivity in layered iron pnictides and charcogenides.
Advances in Physics 59, 803 (2010).
[29] Neupane, M. et al. Electron-hole asymmetry in the superconductivity of doped BaFe2As2 seen via the rigid
chemical-potential shift in photoemission. Phys. Rev. B 83, 094522 (2011).
[30] Kontani, H., Kanki, K. & Ueda, K. Hall effect and resistivity in high-T c superconductors: The conserving
approximation. Phys. Rev. B 59, 14723-14739 (1999).
[31] Katayama, N. et al. Variation in Electronic State of Ba(Fe1−xCox)2As2 Alloy as Investigated in Terms of
Transport Properties. J. Phys. Soc. Jpn. 78, 123702 (2009).
[32] Grinenko, V. et al. Superconducting properties of (K1−xNax)Fe2As2 under pressure. Phys. Rev. B 90, 094511
(2014).
[33] Daghero, D. et al. Advanced surface characterization of Ba(Fe0.92Co0.08)2As2 epitaxial thin films. Appl. Surf.
Sci. 312, 23-29 (2014).
[34] Koepernik, K. & Eschrig, H. Full-potential nonorthogonal local-orbital minimum-basis band-structure scheme.
Phys. Rev. B 59, 1743-1757 (1990).
13
Supplemental Information
Hall-plot of the phase diagram for Ba(Fe1−xCox)2As2
Structural characterization by x-ray diffraction
Our Ba(Fe1−xCox)2As2 (Ba-122) thin films on MgO(001) and CaF2(001) substrates have been grown
by pulsed laser deposition (PLD). The composition of the films is almost identical to that of the
Ba(Fe1−xCox)2As2 PLD targets, indicative of a successful stoichiometric transfer [S1]. X-ray diffraction
patterns for Ba(Fe1−xCox)2As2 thin films on MgO and CaF2 substrates as a function of the Co content
are summarized in Fig. S1. Almost all peaks are assigned as 00l reflections of Ba(Fe1−xCox)2As2 and
substrate, indicating a c-axis texture of Ba(Fe1−xCox)2As2. For both cases, the 002 reflection of Fe is
observed. The 008 peak position shifts towards higher angles with Co doping (Figs. S1b and S1d), as a
result of a smaller lattice constant c with increasing Co content.
φ scans of the 103 peak for Ba-122 films on both MgO and CaF2 are summarized in Figs. S2a and
S2b, respectively. For both films, φ scans of the 220 substrate reflection were also measured. Sharp and
strong reflections from Ba-122 are observed at every 90◦. These results highlight that Ba(Fe1−xCox)2As2
thin films are grown epitaxially. Here, the respective epitaxial relation for Ba-122 on MgO and CaF2
substrates are (001)[100]film‖(001)[100]MgO and (001)[110]film‖(001)[100]CaF2 . The films on CaF2
(Ba-122/CaF2) with high doping regime (x ≥ 0.175) contained a small amount of in-plane 45 ◦ rotated
domains.
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FIG. S1. The θ − 2θ scan of the Ba(Fe1−xCox)2As2 thin films on (a) MgO(001) and (c) CaF2(001) substrates. The
θ − 2θ scans in the vicinity of the 008 reflection for (b) MgO(001) and (d) CaF2(001) substrates, respectively. A
clear shift of the diffraction peak is observed with increasing Co content.
1
Ba-122/CaF2 shows smaller full-width at half-maximum values of both out-of-plane and in-plane re-
flections compared to Ba-122/MgO, as shown in Figs. S2c and S2d. Here, the rocking curve of the 004
reflection was measured for all Ba-122 films. The ∆ω and average ∆φ values are mainly constant re-
gardless of Co content.
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FIG. S2. 103 φ-scans for Ba-122 thin films with different Co levels on (a) MgO and (b) CaF2 single crystalline
substrates. The 220 φ-scans for MgO and CaF2 substrates are also shown in the same graphs. (c) Full width at
half maximum (∆ω) value of the 004 reflection of Ba-122 thin films as a function Co content prepared on various
substrates. (d) Average full width at half maximum (∆φ) value of the 103 reflection of Ba-122 thin films as a function
Co content prepared on various substrates.
Lattice deformation in a tetragonal phase for both Ba-122/MgO and Ba-122/CaF2 is summarized in
Figs. S3a and S3b. Clearly, the lattice deformation for both films are almost constant regardless of Co
content.
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FIG. S3. The lattice deformation in a tetragonal phase along the crystallographic a- and c-axis for Ba-122 thin films
on (a) MgO and (b) CaF2 substrates.
2
Origin of biaxial strain
The origin of the biaxial strain in thin films may be understood by considering the evolution of the
lattice constants c with temperature. The temperature dependence of x-ray diffraction patterns in the
vicinity of the 004 reflection of Co-doped Ba-122 films with the same Co doping, x = 0.15, but grown
on different substrates MgO and CaF2, are presented in Figs. S4a and S4b. Our measurements have been
conducted in flowing He gas. For both Ba-122 films, the diffraction peaks are shifted toward lower angle,
indicative of the elongation of the lattice constant c due to thermal expansion. For Ba-122/MgO, the
diffraction intensity is observed to decrease around 673 K and almost disappeared at 773 K, indicating
that the Ba-122 phase was decomposed. On the other hand, for Ba-122/CaF2 films the diffraction peak
was still observed even at 773 K, although the peak height is significantly reduced. From the temperature
dependent x-ray measurements, the lattice parameters a of MgO and CaF2 substrates have also been
evaluated, as shown in Fig. S4c. The evaluated values of the linear thermal expansion coefficients, α,
are given in Table S1. Based on those results, the temperature dependencies of the lattice constants c
for the two films are presented in Fig. S5a. For comparison, the temperature dependence of the c-axis
length of a Ba-122 single crystal is also shown. These data were calculated using the experimental
lattice constant at room temperature and the thermal expansion coefficient for the single crystal with
x = 0.115 [S2]. The lattice constants c for the Ba-122/CaF2 and the single crystal are close to each other
at high temperature, indicating that the respective in-plane lattice parameters a are also close to each other
at that temperature. Upon cooling, the difference in the c-axis length between the Ba-122/CaF2 and the
single crystal increases, which is attributed to a large difference in the thermal expansion coefficients of
the CaF2 substrate and Ba-122 (Table S1). This effect is mainly responsible for the compressive strain of
xx = −5.8 × 10−3 in Ba-122/CaF2 thin films.
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On the other hand, the two traces of the Ba-122/MgO film and the single crystal are almost parallel,
presumably due to a small thermal expansion mismatch (Table S1). Unlike Ba-122/CaF2 films [S3, S4], a
clean interface between the Co-doped Ba-122 film and the MgO substrate has been observed by transmis-
sion electron microscopy, as shown in Fig. S2b and reported in Ref. [S5]. In this case, the lattice misfit
yields a tensile strain in the thin films. However, the measured magnitude of the strain, xx = 5.9 ×10−3,
is smaller than expected for the relatively large lattice misfit of around -6 % at room temperature. This
3
TABLE S1. The linear thermal expansion coefficient, α, of the MgO and CaF2 substrates at 298 K. The value for
Ba(Fe0.885Co0.115)2As2 along the crystallographic a-axis at 300 K was taken from Ref. S2.
MgO CaF2 Ba(Fe0.885Co0.115)2As2
α (×10−6 K−1) 12.4 22.4 8.5
larger difference is caused by strain relaxation since our Ba-122 films have a thickness of about 100 nm,
which is beyond the critical thickness for relaxation. Indeed, our previous investigations on the Ba-122/Fe
bilayer system revealed a critical thickness of around 30 nm for a lattice misfit of -2.5% [S6], whereas the
corresponding value of Ba-122/MgO results in a few atomic layers [S5]. Therefore, the presence of a
small amount of biaxial strain, xx = yy = 5.9 × 10−3, indicates that residual strain exists beyond the
critical thickness, which was also observed in III-V semiconductors [S7] and P-doped Ba-122 films on
MgO substrates [S8, S9]. Additionally, we have found nanoscale oscillation of uniaxial strain compo-
nents using high resolution electron backscatter diffraction (HR-EBSD) [S10], which will be discussed
later. This strain state can be described by the modulation of xx and yy having opposite sign in the range
of about ±0.2% with zz ∼ 0. We assume that this strain component originates from the formation of a
low-angle grain boundary network during the coalescence of slightly rotated nanoscale islands nucleat-
ing on the mismatched MgO surface during film growth. These strain inhomogeneities were detected by
HR-EBSD using a comparable experimental and evaluation procedure provided in reference [S11].
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FIG. S5. Temperature dependence of the out-of-plane lattice constants and microstructure: (a) Temperature depen-
dence of the lattice constants c for a Ba-122/MgO and a Ba-122/CaF2 film with x = 0.15. The single crystal data
(dotted lines) were estimated from Ref. [S2]. (b) TEM picture in the vicinity of the interface between the Co-doped
Ba-122 film (x = 0.06) and the MgO substrate.
The local strain by HR-EBSD
Local strain components in a Co-doped Ba-122 (x = 0.06) thin film on MgO were measured by high
resolution electron backscatter diffraction (HR-EBSD). HR-EBSD was performed as line scans in a Zeiss
Ultra 55 scanning electron microscope using 20 kV acceleration voltage and 10 nm step size. The EBSD
patterns have been recorded and analyzed subsequently with an in-house written software, based on the
algorithm developed by Wilkinson et al [S10]. Shown in Fig. S6 is the local strain distribution of the
4
crystallographic a, b, and c direction (normal strains) relative to a chosen reference position as a function
of position. Variations of strain for all directions are within ±0.2%.
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FIG. S6. The local strain distribution of the crystallographic a, b, and c direction as a function of position.
Determining the superconducting transition temperature, Tc
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FIG. S7. The resistivity curve of a 10 % Co-doped Ba-122 thin film on a CaF2 substrate. Tc was determined to
27.1 K.
The superconducting onset transition temperature was defined as the intersection between the linear fit
of the normal state resistance and the steepest slope of the superconducting transition (see Fig. S7). Zero
resistivity temperature and middle point of superconducting transition are influenced by flux pinning
effect. Therefore, we chose the onset temperature of resistivity as a criterion of the Tc. Our optimally
Co-doped Ba-122 superconducting films showed an exact match of the zero resistivity temperature Tc,0
and the onset Tc from magnetization measurements, proving high quality of our films [S1].
Determining the magnetic transition temperature, TN
The peak position of the temperature derivative of the resistivity is related to the magnetic transition
according to x-rays and neutron diffraction measurements [S12]. Therefore, the magnetic transition tem-
5
perature, TN, was defined as the peak position, as shown in Fig. S8. In contrast to bulk single crystals (i.e.,
unstrained material), the kink above TN related to the structural/nematic transition is absent. Recently,
a similar behavior was observed under application of uniaxial strain to the ab-plane of Co-doped Ba-
122 single crystals [S13]. Therefore, the uniaxial component in the films obscures the nematic/structural
transition (Fig. S6). However, inhomogeneous strain does not affect TN and Tc noticeably, since the
transitions are rather sharp in the strained films.
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FIG. S8. The temperature derivative of the resistivity curves of (a) Ba-122/MgO and (b) Ba-122/CaF2. The peak
position is assigned as TN
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